A dc-detected high-frequency electron paramagnetic resonance ͑HF-EPR͒ technique, based on a standard superconducting quantum interference device ͑SQUID͒ magnetometer, has significant advantages over traditional HF-EPR based on microwave absorption measurements. The SQUID-based technique provides quantitative determination of the dc magnetic moment as a function of microwave power, magnetic field and temperature. The EPR spectra obtained do not contain variability in the line shape and splittings that are commonly observed in the standard single-pass transmission mode HF-EPR. We demonstrate the improved performance by comparing EPR spectra for Fe8 molecular nanomagnets using both SQUID-based and conventional microwave-absorption EPR systems.
I. INTRODUCTION
High-frequency electron paramagnetic resonance ͑HF-EPR͒ has proved to be an invaluable technique for characterization of magnetic materials. [1] [2] [3] [4] [5] [6] [7] HF-EPR is generally performed using one of two configurations. In the first, 3, 4, 6 the sample is contained within a resonant cavity and the change in quality factor ͑Q͒ is measured, from which the out-ofphase imaginary ͑absorption͒ component of the complex volume microwave susceptibility is determined, Љ, or the change in resonant frequency of the cavity is measured, from which the in-phase real ͑dispersion͒ component Ј is derived. The second configuration is a single-pass or transmission measurement where the sample is mounted inside a waveguide and the change in transmitted radiation power is measured as a function of the swept magnetic field. 2, 5, 7 The former has the advantage of high sensitivity and discrete observation of Ј and Љ, whereas the latter has the advantage of broadband measurements and ease of use. Unfortunately, discrete line shape analysis of the transmission technique is hindered by admixtures of absorptive and dispersive signals as well as effects related to the microwave propagation. 7 In general, for an exchange-coupled spin system, the EPR signal tends towards a Lorentzian line shape. Following Pake and Purcell 8 in Fig. 1 we analyze the complex magnetic susceptibility, , where = Ј + iЉ in terms of the dimensionless parameter x such that x =2͑H 0 − H͒ / ⌬H 1/2 where H 0 , H and ⌬H 1/2 are, respectively, the resonance field, swept field, and the full width at half maximum in units of A/m on the abscissa. 8 On the ordinate we plot the product of the volume static susceptibility 0 , the angular frequency in Hz and the transverse spin lifetime T 2 in seconds. 8 The traces are offset and the base line represents the zero for each trace. Figure 1͑a͒ shows the line shape for Љ in the absence of magnetic field modulation. The line position would be marked by the field at which the maximum is observed. This relative signal shape has also been shown to be characteristic of the superconducting quantum interference device ͑SQUID͒-detected and Hall-bar detected EPR suppression of the magnetic moment. [9] [10] [11] In the presence of field modulation the absorptive signal appears as the first derivative, shown in Fig. 1͑b͒ , and the line position is determined by the zero crossing. The first derivative of the reactive signal is illustrated in Fig. 1͑c͒ , and the line position is marked as the maximum. Resonant cavity measurements in conjunction with an automatic frequency control that compensates for the a͒ Author to whom correspondence should be addressed; electronic mail: bcage@boulder.nist.gov change in resonant cavity frequency can discretely separate these components. However, in the case of transmission measurements using over-moded waveguide, the line is commonly a superposition of these two components. This leads to a mixed spectrum, such as that shown in Fig. 1͑d͒ , where it is not clear a priori where the line position should be marked or even whether a single peak is present. The methods in use to address this problem are, ͑a͒ iterative adjustments of the frequency or phase of the excitation radiation during the experiment until the line shape appears either absorptive or dispersive, ͑b͒ post-experimental analytic fitting of the line, or ͑c͒, a combination of both. 7 Unfortunately, these methods entail a certain amount of operator judgment and assumptions as to the signal shape. Another problem with rf-detected transmission techniques is propagation effects, which can be present when the dimension of the sample is close to the wavelength of the exciting radiation. 7 These effects are described in Ref. 7 as in the case of a plane parallel solid sample where the transmitted power through the faces perpendicular to the propagation direction result in Fabry-Pérot-like interference fringes. 7 These propagation effects are affected by the ͑a͒ sample thickness, ͑b͒ magnetic field, ͑c͒ radiation frequency and ͑d͒ any other perturbations of the refractive index. 7 Here, we present a SQUID-based multi-frequency EPR method with consistent line shapes that are independent of small experimental changes in phase and frequency. No operator judgment of the spectrum is required and, thus, little doubt as to the shape, position of the resonant field, or number of peaks exists. Additionally, the SQUID detected technique does not directly detect the transmitted rf, and thus, propagation effects are not present.
II. EXPERIMENT
A detailed description of the apparatus is given in Ref. 9 ; we briefly outline it here. We used a commercial SQUID magnetometer capable of field sweeps from 0 to 7 T and temperature sweeps of 1.8-400 K to obtain the magnetic moment. A klystron operating at 100 mW and 141 GHz was used to generate the microwaves. The power levels used in this experiment are estimated at 25 mW delivered to the sample. We have found that data are obtainable at power levels as low as an estimated 1 mW. There are small line shifts and considerable line broadening at high powers and 1.8 K: these effects are under investigation. The measured sample consisted of a single aligned ͓Fe 8 O 2 ͑OH͒ 12 ͑1,4,7-triazacyclononane͒ 6 ͔Br 8 ·9H 2 O crystal, denoted as Fe 8 . The Fe 8 crystal was grown by the typical method 12 and had a volume of approximately 3 mm 3 . The dc magnetic field was applied along the z axis, z being the high symmetry magnetic axis.
III. RESULTS AND DISCUSSION
Fe 8 is one of the best known single-molecule nanomagnets and has been extensively characterized. 3, [12] [13] [14] [15] [16] [17] [18] These studies have determined that the electronic ground state is S = 10 where S is the primary electronic spin quantum number with an excited state S = 9 about 24 K above. There are 2S +1 M s energy levels ͑−10,−9, ...9,10͒, where M s is the secondary quantum number for the z component of the electron spin angular momentum. In general, this compound is modeled as a double-well potential with the ten negative M s levels on one side and the ten positive M s on the other. Shown in Fig. 2 are the spectra of a single aligned crystal of Fe 8 obtained with a conventional transmission HF-EPR system at 141 GHz and 4 K. The upper trace shows a spectrum with no operator influence. The lower trace shows the spectrum after iterative operator adjustments of the frequency until the spectrum appears to contain as few dispersive elements as possible. A series of peaks are assigned to the S = 10 ground state. The peaks are labeled with numbers representing the angular momentum eigenvalues, M s , from which the spins are excited by the ⌬M s = 1 transition, i.e., M s = −10 represents the transition from M s = −10 to −9. Additional structure in the spectra is sample dependent with unclear origins. 18 A comparison of the upper and lower traces shows that small changes in experimental conditions ͑⌬ Ϸ 100-500 MHz͒ result in very different spectra. This variability in the spectra creates a degree of uncertainty as to where to mark with field positions. The observed peak positions are consistent with the eigenstates and known literature values of the spin Hamiltonian [13] [14] [15] [16] [17] [18] 
where B is the Bohr magneton, g is the Lande g tensor, H is the applied magnetic field, D is the uniaxial spin-spin coupling parameter, E is a measure of the magnetic anisotropy in a plane perpendicular to the easy ͑z͒ axis of magnetization, S x , S y , and S z are projections along the hard, intermediate and easy axes of the electronic spin operator S, respectively, and the fourth order term is described in Refs. 15-18. In Fig. 3 we present the magnetization data of Fe 8 in the absence ͑upper curve͒ and presence ͑lower curve͒ of microwave irradiation at 4 K and 141 GHz. In the absence of microwaves a simple saturation curve is measured. Upon irradiation a series of dips in the magnetization appear. These dips correspond to electron paramagnetic resonant absorption of microwave power between adjacent M s levels. The inset shows the percent saturation which is equal to ͑1 − M on / M off ͒ ϫ 100 where M on and M off are, respectively, the The values obtained for this suppression are much larger than those expected for a simple transition between adjacent M s levels ͑Ͻ5%͒. We estimate from dc susceptibility data that for the M s = −10 transition in Fig. 3 a temperature increase of ϳ4 K would be needed for the observed 20% reduction in M z . This is currently under investigation. As the power levels are approximately the same between the rf and dc detected techniques, any potential heating effects on linewidth or line position should affect both equally. The small wiggles at higher fields are consistent with transitions in the S = 9 excited state. 17 The stick diagram shows the calculated line positions according to Eq. ͑1͒ using the standard literature values g = 2.00, D = −0.29 K, E = 0.047 K and B 4 0 = 1.0ϫ 10 −6 K. [14] [15] [16] [17] [18] In Fig. 4 we directly compare the rf-transmissiondetected and SQUID-detected data. In the upper trace we plot the derivative of the data in the inset to Fig. 3 and in the lower trace we plot the lower trace of Fig. 2 . The stick diagram shows the calculated line positions. Little ambiguity exists as to where to mark the line positions of the SQUID detected, whereas a large degree of uncertainty, especially in the transitions at lower fields, exists for the rf-detected lower trace.
IV. CONCLUSION
We have demonstrated that SQUID-based HF-EPR provides a quantitative determination of the dc magnetic moment of nanomagnetic materials as a function of known microwave irradiation power, and removes uncertainties in the line positions and line shapes that arise in standard singlepass transmission HF-EPR. This design should be amenable to perform an rf-detected reflection EPR experiment followed by a SQUID-based EPR experiment thus enabling separation of the dispersive and absorptive elements for questionable spectra.
